We examine the first submillimeter solar observations of the chromospheric supergranular network, made on the 15 m James Clerk Maxwell Telescope on Mauna Kea in 850 //m radiation. These observations are useful for thermal diagnostics of the low and middle chromospheres of the quiet-Sun and magnetic regions, where mechanical heating of the atmospheric medium first becomes manifest. The models of Vernazza, Avrett and Loeser appear to be consistent with these observations.
INTRODUCTION
Infrared observations have already played an important role in modeling of the physical state of the solar atmosphere. Their greatest utility is in thermal diagnostics. The infrared continuum offers the simplest and the most straightforward atmospheric thermometer available for the solar photosphere and chromosphere. Its diagnostic power rests in the simple, wellbehaved mechanisms of infrared emission and absorption :
1. Emission.-The infrared continuum is thought to form in local thermodynamic equilibrium (LTE) with the kinetic motion of the free electrons in the atmospheric medium. This makes it a particularly good diagnostic of the local electron temperature. To a good approximation, the brightness temperature of the radiation seen at a certain wavelength is the average electron temperature of the atmospheric medium where the optical depth passes unity.
In a nonuniform atmosphere with both hot and cool material the visible and ultraviolet source functions are strongly weighted toward the hottest material. On the other hand, most of the infrared spectrum lies in the Rayleigh-Jeans region for solar temperatures, making the source function simply proportional to temperature. This gives infrared observations a particularly important role in modeling the relatively low temperatures of the low chromosphere.
2. Absorption.-Infrared continuum absorption is mainly due to free-free interactions of electrons with neutral hydrogen and ions for wavelengths longward of ~2 jum. This is easily understood and has a simple monotonie dependence on wavelength. For electrons interacting with neutral atoms, the opacity is closely proportional to the square of the wavelength. By observing different wavelengths, it is thus possible to sample over a range of different levels into the solar atmosphere.
These qualities make the infrared continuum a superior atmospheric thermometer and, because of this, infrared observations have played an important role in all of the most carefully constructed chromospheric models (see Vernazza, Avrett, & Loeser 1981 , hereafter VAL 1981 and have been central in modeling the low chromosphere and temperature minimum (Vernazza, Avrett, & Loeser 1976 , hereafter VAL 1976 .
A region of particular interest in the infrared continuum is the submillimeter band, extending from ~100 to 1000 pm. These wavelengths emanate from near the chromospheric temperature minimum, the region low in the solar chromosphere at which the decrease in temperature with height reverses due to anomalous mechanical heating of the overlying solar medium. Figure 1 shows continuum weighting functions for the VAL (1981 model C) for submillimeter wavelengths accessible to the JCMT. The 850 pm continuum is seen to emanate from the low and middle chromosphere. Unfortunately, submillimeter radiation shortward of 300 pm cannot be viewed from the ground, due to heavy absorption by water vapor in the terrestrial atmosphere. However, moderately broad bands of radiation become visible longward of 300 pm. Figure 2 shows atmospheric transmission of submillimeter radiation typical of Mauna Kea. One sees transmission bands centered at 350, 450 and 850 pm. Radiation at these wavelengths comes from low in the solar chromosphere, where the temperature begins a rapid rise, as mechanical heating suddenly becomes dominant in energy balance of the medium.
While the role of submillimeter radiometry in chromospheric temperature diagnostics is well established, the farinfrared continuum suffers a serious disadvantage in diffraction with respect to visible light. Until the present it has not been possible to resolve even moderately fine details, such as the supergranular structure of the chromospheric network and sunspots. Given sufficient resolution, standard models (such as VAL 1981) predict that the chromospheric network should be clearly observable at submillimeter wavelengths. The temperature minima of the various VAL models vary over a range of several hundred Kelvins, depending whether the region is magnetic or quiet. It is reasonable to expect a comparable variation in brightness temperature between the quiet interiors and magnetic boundaries of supergranules. With the 15 m Maxwell Telescope, it has become possible for the first time to resolve these features throughout the submillimeter band and into millimeter wavelengths and to apply the unique utilities of far-infrared diagnostics to them.
The first such observations are summarized by Lindsey et al. (1990) . They report observations of the solar limb, of the chromospheric supergranular network in the quiet Sun and plage, and of sunspots. In this paper we will concentrate on the observations of the supergranular network.
In the following section we describe the procedure used for our first solar observations on the JCMT. Following this, in § 3, we describe the main results. We end with a discussion and summary in § 4.
PROCEDURE AND TECHNIQUE
The procedure we used on the JCMT is described briefly by Lindsey et al. (1990) . Here we give a somewhat expanded description. The James Clerk Maxwell Telescope (JCMT) is a 15 m reflector located near the summit of Mauna Kea at an elevation of 4084 m, the JCMT reflector is capable of imaging radiation longward of 300 jam to the diffraction limit ( ~ 6" at 300 fim). The telescope rests on alt-azimuth mount. The primary dish focuses radiation onto a 0.75 m secondary cone, which then reflects it back to a standard Cassegrain focus Fig. 2 .-Atmospheric transmission of the submillimeter spectrum typical of Mauna Kea. We assume 1.2 mm of précipitable water vapor along the line of sight. The observations discussed here were made at 850 /zm, indicated by a vertical dashed line. The atmospheric transmission data was taken from the work of Traub & Stier (1976) . behind the primary dish. Off-axis refocusing optics in front of the Cassegrain focus can direct the beam to Nasmyth platforms located under either the left or the right elevationrotation axis.
It is essential that a well-figured submillimeter telescope be protected from focused visible sunlight before it is pointed toward the Sun. While the primary reflector is diffraction limited only in the very far-infrared, its surface, nevertheless, has an optical quality sufficient to cause severe heating of the secondary reflector if it is not protected from the visible and near infrared solar flux. The entire dome aperture of the JCMT is covered with a membrane made of Gortex, a fine weave of teflon that scatters visible light (i.e., it it is white) and transmits submillimeter radiation. The membrane was designed to stabilize the thermal environment of the telescope during all observations (not just solar) by isolating the dish environment from external conditions. The membrane scatters visible light and prevents focusing, making solar observations on the JCMT safe.
For our observations we used the JCMT facility's Shottkydiode submillimeter heterodyne receiver. The receiver was set up at the Cassegrain focus and tuned to 350 GHz to center it in the atmospheric transmission window at 850 /mi (see Fig. 2 ). In this window, transmission at Mauna Kea typically ranges from 60% to 75% and appears to be steady to within ~2%-4% over an hour as the Sun passes through the meridian. The bandwidth of the receiver is 500 MHz (ÁA = 1 /mi), which confines the bandpass securely within the spectral region of optimum transmission. The receiver operates at 850 /mi with a noise temperature of ~350 K. The diffraction limit of the JCMT at 850 jum is 14".
The weather through most of our first observing run, from 1989 April 12 through 14, varied from light high cirrus to low thick overcast. The effect of light to medium clouds on 850 /mi transmission on Mauna Kea seems to be small (less than 1%) as long as they do not contain rain, snow, or other particulates of the same order in size as the wavelength observed or greater. (Indeed, a presage of imminent rain or snow when observing the Sun through thick clouds seems to be the sudden disappearance of a formerly steady 850 /mi solar signal.)
The beam profile of the Maxwell telescope is remarkably good (see Lindsey & Roellig 1991), being very highly concentrated into a diffraction-limited core of 14" FWHM, with very low sidelobes. Single beam scans across the solar limb at various points show that the far wings of the beam extend outward from the core ~3!5 with approximate radial symmetry. For a diffuse source, ~40% of the detected flux comes from the wings of the beam, with the rest coming from the core. (This figure has been considerably improved since the observations reported here.)
RESULTS
Detection of the chromospheric network is straightforward given the required spatial resolution. Since the granulation is ubiquitous, any scan across the solar disk should show signal variations caused by it. network. While they were reported by Lindsey et al. (1990) , they were first discovered at the Maxwell Telescope nearly a year before by Hills (1988) , who scanned them at 1.2 mm and recognized that they were real solar features.
A far better picture of the structure of the submillimeter chromospheric network can be gained by looking at images of a particular region, which can be reconstructed from raster maps. Figure 4 shows an image of a region containing a plage and surrounding quiet Sun, both in 850 /mi radiation (Fig. 4a ) and in the K-line of singly ionized calcium (Fig. 4b) . The image pair is the same as that shown in Lindsey et al. (1990, Fig. 2) . Each frame of the figure shows a 400" square area approximately centered on a small dying suspot at solar coordinates L = 23?0 E, B = 19?4 S. The left frame (Fig. 4a) is an 850 //m image reconstructed from a raster scan of 40 by 40 points with a separation of 10" between points. The raster was made over a 45 minute period at 26:00 UT (i.e., late afternoon in Hawaii, 16:00 LT, of April 13 which was 2:00 UT of April 14). The frame on the right (Fig. 4b) shows the same region in the calcium K-line, obtained with the K-line CCD camera at the Mees Solar Observatory.
Over the 45 minute duration of the infrared observation the atmospheric transmission underwent a gradual 24% decrease, mainly due to increasing optical path through the Earth's atmosphere in late afternoon. We modeled the variation in atmospheric transmission by fitting the quiet-Sun portions of the raster to a smooth curve (a quartic spline in time) and corrected the transmitted signal accordingly. In this procedure, we used only pixels outside of the corridor indicated by the jagged curves in Figure 4b for a quiet-Sun reference. Figure 5 shows the quiet Sun signal averaged over raster rows and the resulting fit. The infrared image shown in Figure 4a has already been corrected for atmospheric transparency drift. Figure 4 show a small plage (frame center coordinates L = 23? E, B = 19?4 S, 0.47 solar radii from disk center). The remains of a small sunspot (recently deceased) appear near the centers of both frames. It shows up faintly in the 850 jum image as a slight darkening nestled in surrounding bright plage as well as in the K-line image. Because of poor afternoon weather at Haleakala, the only available K-line image was taken 7 hr earlier, 19:00 UT; this image was solarrotated numerically to match the configuration of the 850 /mi map.
The images in
In both frames of Figure 4 we see brightness variations everywhere on the scale of the chromospheric network, both in the quiet Sun and in active regions. There is a strong correlation between the 850 /um and K-line images, but this seems to be less than exact, especially in the quiet Sun. Some part of this may be due to the time difference between the two observations. Figure 6 shows cross-correlation statistics of the brightness variations in the 850 /mi and K-line images. Here, both data sets have been normalized to unity brightness for quiet Sun at disk center. The pixel intensity correlation is plotted in the large lower left frame, with histograms of the far-infrared intensity superposed in the upper frame and of the K-line intensity to the right. The quiet-Sun pixels are plotted as solid points. The active-region pixels are represented by lighter threepointed stars. The brightness-temperature scale, shown on the top edge of the frame, is set by equating the quiet-Sun average to a brightness temperature of 5400 K, the value we calculate for model C of VAL.
In Figure 6b (upper box) we plot histograms showing the distributions in 850 pm intensity of quiet-Sun pixels, activeregion pixels and all points. In Figure 6c (right box) we show the parallel distributions for the K-line. The K-line image was made from the Mees Solar Observatory at Haleakala 7 hr earlier than the submillimeter image. It has been solar-rotated forward in time to match the submillimeter image. It has also been rotated clockwise from the celestial reference to match the alt-azimuth reference of the JCMT. These images are oriented so that the local vertical direction at the time of the observation points directly to the left of the frame and the local horizontal direction is vertical. The raster rows are oriented vertically, starting from the far right and proceeding leftward (upward in local elevation). The corridor in panel b bounded by the two jagged curves indicates the region of activity, outside of which we consider the solar surface to be quiet. 
DISCUSSION
The correlation between the K-line and far-infrared intensity is clear for the plage region. It is similar to correlations between ultraviolet continuum intensity and magnetic field strength found by Cook et al. (1989) . For the quiet Sun the correlation is reduced but still significant. The 7 hr separation in time between the two images is great enough to allow some change in some of the smaller details, particularly on the level of the supergranular structure. Moreover, random variations in atmospheric transparency in the late afternoon may be sufficient to smear the correlation of finer supergranular features. Finally, the far wings of the resolving beam may result in further smearing. We expect to improve determination of this correlation in future observations.
Perhaps the most striking difference to emerge from the comparison is that the quiet-Sun variations in the infrared continuum appear relatively far greater than in the K-line. In fact, the dependence of K-line (and even more of ultraviolet line) emission on temperature is highly nonlinear, so intensity contributions from a relatively small amount of hot gas can far overshadow equivalent thermal variations in cool gas. As we Fig. 4 . In the major panel at lower left ^anel a) we plot the K-line intensity against the infrared intensity for each pixel in the image pair shown in Fig. 4 . Intensities on the abscissa and ordinate axes are normalized to unity for the average quiet disk center. (The scale for K-line intensity has been compressed somewhat with respect to the far-infrared for space economy). The axis along the top edge of the panel represents 850 //m brightness temperature, with unity intensity equated to a brightness temperature of 5400 K. The solid points identify pixels of quiet Sun outside of the dashed curve in Fig. 4 . Pixels in the active region, inside of the dashed curve, are represented by small three-pointed stars. The solid curve represents the Planck function normalized to unity at a temperature of 5400 K for both 850 /mi and K-line. In panel b (upper box) we plot histograms showing the distributions in 850 jum intensity of quiet pixels, active pixels and all pixels. The abscissa was partitioned into segments of width 0.02 times the average quiet-Sun brightness (108 K in brightness temperature), and the number of pixels falling into each segment was accumulated. In panel c (right box) we show the distributions in K-line intensity, again with a partition width of 0.02 times the quiet-Sun intensity.
have already explained, the infrared continuum source function is closely proportional to temperature. This explains how thermal variations in the cooler quiet Sun appear clearly in an infrared image without the brightest regions being overexposed. Submilllimeter images of the supergranular network clearly show thermal features in the quiet chromosphere that are subtle in K-line images.
K-line radiation is well known to emanate from the chromosphere far from LTE; this is why the entire line appears in absorption with a core intensity only a fraction of the continuum. To the extent that we can assume that the K-line emission emanates from the same material as the 850 //m continuum, the data plotted in Figure 6 can serve as a diagnostic of the departure from LTE of ionized calcium. We illustrate this by plotting the Planck function in Figure 6a normalized to the quiet-Sun intensity at 5400 K, to make it fit the observations at this one point. The result of this normalization is a function still far too steep to fit the observations. While the K-line source function clearly remains a strong function of temperature, the dependence is considerably different from that of the Planck function. Perhaps we should be more cautious than to assume that the K-line emission emanates from the same material as the 850 fim emission. A more discriminating comparison will become possible with future observations that include the 1.2 mm continuum.
It is useful to examine the distribution of the quiet-Sun brightness temperature with respect to the models of VAL (1981) . To do this we refer to Figure 7 . In Figure 7c we show a histogram of the distribution of Lyman continuum intensities for the quiet Sun, taken from VAL (1981), originally from Reeves (1976) . The Lyman continuum intensities computed by VAL (1981) for each of their six models are also indicated. The infrared brightness for each model is readily calculated; the 850 /mi/Lyman-continuum-intensity relationship is shown in Figure la . With this relationship it is straightforward to calculate the 850 fim histogram which corresponds to Reeves's (1976) distribution for Lyman continuum intensity. This is shown in Figure lb Reeves's (1976) data. While a discrepancy in the opposite sense (a broader 850 /mi histogram) would point to problems with the models, the discrepancy we see is more likely due to limited spatial resolution. The small fraction of the solar atmosphere characterized by VAL model F (T b~ 6600 or higher) and/or the much cooler model A (T b ~ 4900 or less) may occur largely in regions too small to be resolved by the 14" diffraction limit of the 850 fim observations-as they are in the Lyman continuum observations (5" resolution) of Reeves (1976) .
The 850 jum histogram for our active-region extends well above the 6600 K brightness temperature of model F, as we show in Figure 8 . This may be understood in terms of model F characterizing a fraction of the plage that, while still small, occurs in regions large enough to be resolved in 850 //m radiation in active regions. Some of this uncertainty may soon be resolved by higher resolution (6") observations in 350 /mi possible from the JCMT. At this point, we consider the VAL models consistent with the 850 /mi observations.
CONCLUDING REMARKS
The submillimeter continuum may bring out important thermal properties of cool regions not evident in visible and ultraviolet images. (They may, for instance, discriminate the chromospheres under coronal holes from regions lying under dense corona). Detailed observations of active regions could contribute important data for modeling the interiors of magnetic flux tubes. The observations we have analyzed here are
